The assembly and development of the gut microbiome in infants has important consequences for 15 immediate and long-term health. Preterm infants represent an abnormal case for bacterial 16 colonization because of early exposure to bacteria and frequent use of antibiotics. To better 17 understand the assembly of the gut microbiota in preterm infants, fecal samples were collected 18 from 32 very low birthweight preterm infants over the first six weeks of life. Infant health 19 outcomes included healthy, late-onset sepsis, and necrotizing enterocolitis (NEC). We 20 characterized the bacterial composition by 16S rRNA gene sequencing and metabolome by 21 untargeted gas chromatography mass spectrometry. Preterm infant fecal samples lacked 22 beneficial Bifidobacterium and were dominated by Enterobacteriaceae, Enterococcus, and 23 Staphylococcus due to the near uniform antibiotic administration. Most of the variance between 24 the microbial community compositions could be attributed to which baby the sample came from 25 (Permanova R 2 =0.48, p<0.001), while clinical status (healthy, NEC, or late-onset sepsis), and 26 overlapping time in the NICU did not explain a significant amount of variation in bacterial 27 composition. Fecal metabolomes were also found to be unique to the individual (Permanova 28 R 2 =0.43, p<0.001) and weakly associated with bacterial composition (Mantel statistic r = 0.23 ± 29 0.05 (p = 0.03 ± 0.03). No measured metabolites were found to be associated with necrotizing 30 enterocolitis, late-onset sepsis or a healthy outcome. Overall, preterm infants gut microbial 31 communities were personalized and reflected antibiotic usage.
Introduction 45
Early life exposure to microbes and their metabolic products is a normal part of development, 46 with enormous and under-explored impact on the immune system. The intestinal microbiota of 47 infants initially assembles by exposure to the mother's microbiota and microbes in the 48 environment (1-4). In healthy breast-fed infants Bifidobacteria longum spp. infantis capable of 49 digesting human-milk oligosaccharides dominate the infant gut (5). When infants are born 50 preterm, they are exposed to environmental and human associated microbes earlier in their 51 development than normal, and rarely harbor Bifidobacteria spp. in their gut communities. We do 52 not yet understand the effects of altering the timing of initial bacterial exposure. With numerous 53 emerging health consequences related to the microbiome, understanding factors that influence 54 this initial assembly of the microbiome will be important. 55 Preterm infants are routinely treated with antibiotics, enriching for microbes that can colonize in 56 the presence of antibiotics (4, 6, 7). While antibiotics have tremendously reduced infant 57 mortality, their effect on microbiota assembly and resulting health consequences is not fully 58 understood. Prenatal and postnatal antibiotics have been shown to reduce the diversity of the 59 vary over time, similar to the amount of variation seen in the bacterial composition (Figure 5) . 149 PERMANOVA analysis to determine which factors explain the most variance in the metabolite 150 profile indicate that the individual explains 43% (p < 0.001) of the variation (Supplemental 151 table 1). 152 To determine which metabolites might be useful for tracking bacterial metabolism in the infant 153 gut, we examined metabolites with consistent abundance among infants versus those that varied 154 (Supplemental figure 3) . In general, sugars, central metabolites, and amino acids were variable 155 while fatty acids, sterols, organic acids, and bile acids were more consistent. Infant 23, which 156 developed necrotizing enterocolitis at day 16 of life, had low abundances of amino acid 157 metabolites the two days prior to disease onset (Figure 4) . However, several of the healthy 158 control infants also had similarly low abundances of amino acid metabolites. The individual 159 signal of each infant's metabolome is far more evident than any trends due to clinical factors 160 ( Supplemental table 1) . 161 Bacterial composition associated with metabolite profile 162 Bacterial metabolism in the gut is expected to contribute to the abundances of metabolites 163 detected in fecal samples. We wanted to know if fecal samples with a similar bacterial 164 composition were also similar in their metabolite profile. We employed a Mantel test using we were surprised to find that there were not clear signatures of microbiome composition linked 192 to NEC or sepsis. In larger cohorts, associations between particular bacteria or metabolites with 193 NEC have been reported, however, they are not universal signatures across patients, and may 194 reflect patient variation more than disease etiology (22) (23) (24) (25) . In fact, the strongest signal in both 195 the microbiome and metabolome data from this cohort was the infant from whom the sample was 196 taken. Overall, preterm infant microbiomes in this study were shaped by antibiotics, which have 197 a strong impact on all patients, regardless of health outcome. composition in the adult gut largely returns to its previous state one month after antibiotic 205 treatment, but altering the initial assembly of the microbiota in infants can have long lasting 206 health consequences (7, 27, 30, 31) . Previous work has found ampicillin and gentamycin (the 207 most common antibiotics taken by infants in this study) to have an inconsistent effect on 208 bacterial diversity, sometimes increasing and sometimes decreasing diversity (1). Similarly, in 209 these infants, ampicillin and gentamycin resulted in more variation in bacterial diversity, but 210 there was no clear trend of increasing or decreasing diversity. However, antibiotics change the 211 dominant members of the microbiota which could have profound effects on immune 212 development and growth (7, (31) (32) (33) . 213 Evidence is emerging that a healthy infant gut microbiota is dominated by Bifidobacteria with 214 the capacity to digest human milk oligosaccharides in breastmilk (5, 34, 35) . The lack of a core 215 Bifidobacteria community in infants could leave the microbiota open to colonization by 216 facultative anaerobes like we observed in these infants (36) . Proteobacteria such as 217 Enterobacteriaceae are commonly seen to increase in abundance after antibiotic administration 218 (21). Indeed, infants in this study had microbiomes that were shaped by antibiotic use. Although 219 six of the thirty-two infants in this study did not have recorded antibiotic use around sampling 220 time, the microbiota can still be affected by prenatal antibiotics taken by the mother (7, 31, 37) .
221
Microbiome studies have become widespread, so that a typical bacterial composition is well 222 characterized in a range of sample cohorts. However, the same cannot be said for the Untargeted metabolomics can survey many metabolites in a biological sample to provide a 232 snapshot of the active metabolism in a system such as the human gut. Metabolite profiles of 233 preterm infants in this study were found to be personalized to a similar degree as the bacterial 234 composition. This is in contrast to a previous study on full term infants that showed the 235 metabolomic profile to be stable, and weakly associated with bacterial composition, over the first 236 few years of life (38). Personalized metabolic signatures of disease hold great promise to 237 complement microbiota profiling in human systems (18, 36) . However, analyzing metabolomic 238 data is challenging because an array of inputs contribute to the abundances of metabolites in 239 fecal samples including bacterial metabolism, host biology, and food intake. 240 We report a number of correlations between bacteria and metabolites in preterm infant feces, and 241 bacterial metabolism has been previously shown to contribute to metabolite abundances in 242 humans and mice (15, 39, 40) . Short chain fatty acids are now commonly measured and 243 associated with bacterial fermentation in the gut (41). In this study, the only short-chain fatty 244 acid detected was succinate, which we found to be correlated with the presence of Bacteroides, 245 which produces acetate and succinate from carbohydrate fermentation (42). We also detected 246 several medium-chain fatty acids, which were generally correlated with the abundance of 247 Bacteroides and Enterobacteriaceae. None of the twenty-two C-section born infants in this study 248 were colonized by Bacteroides, possibly due to a lack of vertical transmission from the mother 249 during birth (3).
250
Overall, we find preterm infant microbiomes are shaped by shared exposures especially to 251 antibiotics, leading to the dominance of antibiotic resistant facultative anaerobes such as 252 Enterococcus spp.. The anaerobic, milk degrading Bifidobacteria were largely absent, even in 253 preterm infants with access to breastmilk, possibly due to a lack of exposure to microbes from 254 family members in the sterile hospital environment along with antibiotics. Our understanding of 255 the health consequences of microbial colonization under these antibiotic-enriched circumstances 256 is still in its infancy.
257
were immediately stored at -20 °C then transferred to -80 °C no more than three days post-262 collection. Samples were kept at -80 °C and thawed once for DNA extraction and metabolomics.
263
A total of 77 stool samples were collected from 32 preterm infants. Sequences were quality filtered using PrinSeq to remove adapters as well as any sequences less 291 than 120 base-pairs, containing any ambiguous bases, or with a mean PHRED quality score of 292 less than 30 (44). Reads were found to drop steeply in quality after 140 base pairs, so all reads 293 were trimmed to 140 base pairs. The forward read contained the V3 region in the high quality 294 first 140 base pairs, while the V4 region was captured in the low-quality region of the reverse 295 reads. Therefore, we used only the forward reads for subsequent analyses.
296
Bacterial community analysis 297 Quantitative Insights Into microbial Ecology (QIIME) was used for de novo OTUs picking using 298 the Swarm algorithm with a clustering threshold of 8 (45, 46) . This resulted in 2,810 OTUs 299 among all samples. OTUs containing only one sequence were filtered out, leaving 212 OTUs.
300
Taxonomy was assigned to each OTU using QIIME and the Greengenes 13_8 database. An OTU 301 table was constructed and used for downstream analysis. Ten rarefactions were performed on the below the median and blue indicate standard deviations above the median value for each metabolite.
556
Measured metabolites that could be assigned to a category are shown. Samples on the x-axis and grouped 557 by infant and ordered longitudinally. Metabolites within each category are listed in the supplemental data. 558 
